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Abstract 

The Very Special Relativity Electroweak Standard Model (VSR EW SM) is a theory with SU (2)^ x C/(l)i^ 
symmetry, with the same number of leptons and gauge fields as in the usual Weinberg-Salam (WS) model. 
No new particles are introduced. The model is renormalizable and unitarity is preserved. However, 
photons obtain mass and the massive bosons obtain different masses for different polarizations. Besides, 
neutrino masses are generated. A VSR invariant term will produce neutrino oscillations and new processes 
are allowed. In particular, we compute the rate of the decays /r —)■ e + 7 . All these processes, which 
are forbidden in the Electroweak Standard Model, put stringent bounds on the parameters of our model 
and measure the violation of Lorentz invariance. We investigate the canonical quantization of this non¬ 
local model. Second quantization is carried out obtaining a well defined particle concept. Additionally, 
we do a counting of the degrees of freedom associated to the gauge bosons involved in this work, after 
Spontaneous Symmetry Breaking has been realized. Violations of Lorentz invariance have been predicted 
by several theories of Quantum Gravity [T]. It is a remarkable possibility that the low energy effects of 
Lorentz violation induced by Quantum Gravity could be contained in the non-local terms of the VSR 
EW SM. 

Introduction 

The SU{2)l x gauge theory of weak and electromagnetic interactions known as the Electroweak 

Standard Model or Weinberg-Salam model(SM) is one of the most successful theories of Elementary 
Particle Physics. It permits to describe in detail an enormous amount of experimental data. Moreover, 
precision tests at the LHC, have verified both the particle contain, the gauge couplings as well as the 
mechanism of spontaneous symmetry breaking of the SM. The discovery of the Higgs particle with the 
SM properties at the LHC has completed the picture, leaving a very restrictive range of parameters to 
be explained by new Physics [2]. Therefore, any modification to the SM structure must be very subtle. 
Nonetheless, SM as it is cannot be the ultimate theory of nature. It does not incorporate the observed 
fact that the neutrinos have mass and does not incorporate gravity [3]. 

The main problem of the Weinberg-Salam model is the observation of neutrino flavor oscillations, 
which imply that neutrinos are massiv^ The SM does not provide an explanation for this fact, since 
neutrinos are massless in it. If Lorentz symmetry is exact, additional massive particles must be postu¬ 
lated as in the popular seesaw mechanism [5]. These remarks suggest that the subtle modification to the 

^Although, it was expected that the neutrinos have mass since the 80’sl4l 
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SM must be focused in the generation of neutrino mass and neutrino oscillations, preserving both the 
symmetries as well as the particles of the SM. 

One possibility to include neutrino masses is to introduce a breaking of Lorentz symmetry, through 
constant background fields causing deviations of Lorentz symmetry [6], but such proposals have as a 
consequence that the dispersion relation for light is modified. 

A more conservative alternative would be to keep the essential features of special relativity, like the 
constancy of the velocity of light, but leave aside rotation symmetry with a subgroup of Lorentz. Such 
subgroups were identified and used to built what is called Very Special Relativity (VSR) [7]. One of its 
main features is that the inclusion of P, T or CP symmetries enlarges VSR to the full Lorentz group. The 
most interesting of these subgroups are SIM(2) and HOM(2). These subgroups do not have invariant 
tensor fields besides the ones that are invariant under the whole Lorentz group, therefore the dispersion 
relations, time delay and all classical tests of SR are valid too. However, a non local term is necessary to 
formulate VSR [S]. 

VSR admits the generation of a neutrino mass without lepton number violation and without sterile 
neutrinos. Following this line of thought, in this paper, we study a modification of the Electroweak 
Standard Model using as the symmetry of nature VSR. One advantage of this model is that we do not 
necessitate to include more particles that the currently known. The VSR EW SM is a simple theory with 
SU{2)l X U{l)ii symmetry, with the same number of leptons and gauge fields as in the usual Electroweak 
model. But now, it is possible to introduce new mass terms that violate Lorentz invariance. These 
terms are non-local and relevant at low energies and are able to describe in a straightforward manner the 
observed neutrino oscillations. 

The gauge theory formalism necessary to implement the VSR EW SM has been recently developed 
in [9]. The model is renormalizable and unitarity is preserved. 

In the VSR EW SM new processes are allowed, which are consistent with the available data. Neu¬ 
trino oscillations have the same form as in a Lorentz invariant theory. We also compute the decay rate of 
/i— > e -|- 7. All these processes, which are forbidden in the SM, put stringent bounds on the parameters 
of our model and measure the violation of Lorentz invariance. 

Violations of Lorentz invariance have been predicted by several theories of Quantum Gravity [T] . It is 
an enticing possibility that the low energy effects of Lorentz violation induced by Quantum Gravity are 
embodied in the non-local terms of the VSR EW SM. 

We have organized the paper as follows: In section 1, we review the formulation of Yang Mills fields 
in VSR. In section 2, we define the VSR EW SM gauge bosons, using the formalism of section 1. Besides, 
the VSR Weinberg-Salam model is defined in its various components: gauge, leptons, scalars and inter¬ 
actions. Section 3 contains the description of Spontaneous Symmetry Breaking. Masses for gauge fields 
and leptons are computed. Section 4 contains the dispersion relations for the electron (muon,tau) for the 
general case tul ^ rriR. Section 5 study a novel oscillation: Electron Spin oscillation due to VSR. Bounds 
on some VSR parameters are proposed. In Section 6 we write the leptons gauge bosons interactions and 
study the terms which are responsible of neutrino oscillations in the model. In section 7, we compute 
the decay rate for the process X— > V -|- 7 (flavor changing). Comparing with the best experimental 
bounds available today, we get more restrictions on the VSR parameters. Finally, Section 8 contains the 
canonical quantization of the (nonlocal) model. Finally, we have the conclusions. 

Additionally, in Appendix A, we study the gauge bosons equation of motion and do the counting of 
degrees of freedom for the massive as well as the massless case. Appendix B has the solutions of the VSR 
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Dirac equation for mi^ ^ mu whereas in Appendix C we obtain the solution of the VSR Dirac equation 
for the particular but phenomenologically important case m^ = mu = m. 

Next, we use the results of [3] to build the VSR EW SM based on SU{2)l x 17(l)i?, group and the SM 
particle representations. 


1 Non Abelian Gauge Fields 

In this section we review the results of [3]. We consider a scalar field transforming under a non-Abelian 
gauge transformation with infinitesimal parameter A: 


S(j) = iK(j). 


( 1 ) 


We define the covariant derivative by: 


D^(j) = d^(j)-iA^(l)+l^m^n^[{n-d) '^{n-A))(j), (2) 

where to is a constant with dimensions of mass. It measures the departure from Lorentz invariance, 
since in the term containing it in ([^ a fixed null vector appears. This non-local term is invariant under 
Sim(2) and Hom(2) because the transformations of these subgroups of the Lorentz group change at 
most by a multiplicative constant factor, which is canceled out by the change of in the denominator. 
Now, we impose as usual that: 


5 = *AD^</>. (3) 

Then the gauge transformation for the gauge field is: 

2 2 
1771 ^ TYl ^ 

(JaA^ = d^K-i[A^,K] - —n^[K,[{n-d)~‘^{n-A))]+—n^{{n-d)~^K) 

d)-‘^[n-[A,k])) . (4) 

We have also checked the closure of the algebra: 


[<5ai ) <5a 2] — 'ii5[Ai,A2]A/j- (5) 

The commutator of two covariant derivatives defines the A^ Field Strength: 

( 6 ) 

so we get: 

2 2 

F^j,y = A^,^ - A^,i. - i[A^, A^] - {{n ■ d)~‘^{n ■ A,^)) -|- ((” ’ ■ A^y)) 

2 

+ ^ [((”- ■ 9)~^in ■ A)), {Uf^Ay - UyAf,)] . (7) 
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It is hermitian if is hermitian: 

[D'^, = U[D^, D,](t> = U{-iF^,)cj^ = {-iF'^,)Ucj) with: U = (8) 

then we find: 

Fl, = UF^,U-\ (9) 

It is not difficult to see that a redefinition given by ^ — ^rrFn^ ((n • d)~‘^{n ■ A)) eliminate 

the modification by the m factor. This means that a modification in the ordinary covariant derivative 
given by (© do not affect the observables. Then, we will use m = 0 from now on. However, VSR allow 
us to define a new invariant mass term for gauge fields using a new Field Strength: 

Ffiv = Ffj,^-\ — ^ F^a)^ ■ ( 10 ) 

We will develop the effect of this element in the next section. 

Finally, we define the wiggle covariant derivative of the field cj) by: 

1 TTT-d, 

D^(j) = Df,(l)+ ( 11 ) 

where is a new VSR parameter. Using we can introduce different VSR masses for the various 
matter fields in a covariant manner. 


2 Very Special Relativity Electroweak Standard Model 

In the Electroweak model, we have a symmetry given by SU{2)l x U(l)ij, so a generic field, ip, will 
transform like: 


6tp = i{A + 0)V’, (12) 

where A and 0 are transformation parameters under SU(2) and U(l) respectively. To define the 
covariant derivative, we must impose: 

5{Df,ip) =i{A + Q)D^tp. (13) 

We saw in the last section that for VSR the covariant derivative is not modified. Then: 

= dfj.ip - ig'B^ip - igA^^ip (14) 

where and Besides, we have: 
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(15) 


SA^ = ^9^A-z[A^,A] 

6B^ = 

g 

or taken the Lie algebra components: 

SB, = 


(16) 


(17) 

(18) 


where is the Levi-Civita symbol and we used that A = and 0 = The ordinary Field 
Strength on VSR for both gauge fields are given by: 


[D,,D^]tlj = -i tp, 


such that: 


(19) 


F® = 

fliy 

B,v = 


d,B^ - d^B,. 


But, using (10), we can define: 


( 20 ) 

( 21 ) 


F* = F* 

flV 


m 




ml 


(n • F)2 . dY 


' {n- d) 


-,{n°‘B^a) - 


{n-d) 




( 22 ) 

(23) 


Now, we have all the elements to build the Weinberg-Salam model on VSR. For this we need the 
gauge fields B, and A^, three families of leptons and a scalar field to implement the Higgs mechanism. 
Then we have: 

I) Gauge Lagrangian: Two kind of gauge fields, B, and To write the lagrangian, we use the 
modified Fields Strength given by (22) and (23). Then: 


r __ — _:!: R 

‘-'gauge — 


(24) 


We can prove that: 


FluFr = F;,Fr + 2mi(n“F;j(n.F)-2(n^Fr) 
B^,B^^'' = B^^B^^’'+ 2ml{n^B^^){n-d)-\npB^^^). 


(25) 

(26) 


Therefore the lagrangian is now: 
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= -\Fl,Fr - ^(n“F;j(n • D)-^{npFt^) - ■ d)-\npB^^P). (27) 

From this lagrangian we can see that the equation of motion of B^ is: 

d^Bf^'' - mln^{n ■ d)-‘^da{npB°^f^) + m\{n ■ d)-^{npB^^I^) = 0. (28) 

Now, if we contract this equation with n^, we obtain d^{n^B^'') = 0, so: 

dvB^^''+ m%{n-d)-^{n0B^^^) = 0 

d'^B^-d^d^B''+m%Bf^-mg{n-d)~^dfj^{n-B) = 0 (29) 

and: 


d^in^B^'') = 0 
-^d‘^(n-B)-{n-d)d^B'' = 0 . 


(30) 


On the other side, we need to fix the gauge freedom. We can use the Lorentz gauge plus a VSR 
additional restriction given by: 


^^,B^^ = 0 
= 0 . 


(31) 

(32) 


If we use it in (29) and (30), we obtain: 


d^B>^ + mlB^ = 0 . 


(33) 


From this equation we can see that have a mass rriB- A similar result we can obtain from the free 
equation of motion of where the mass is niA- Therefore, the lagrangian (27) describes massive gauge 
fields, but we will see that it preserves two degrees of freedom (See Appenolx A). 


In Section 

is realized. 


3.1 


we will study the free dynamic using (27) after the Spontaneous Symmetry Breaking 


II) Leptonic Lagrangian: Three SU{2) doublets La = [ ), where I'aL — 1(1 ~ l5)^a 

V / 

®aL ~ ~ T'5)®ai 9''^^ three SU{2) singlet Ra = = |(1 + 75 )e°. As is usual, we make the 

supposition that there is no right-handed neutrino. The index a represent the different families and the 
index 0 say that the fermionic fields are the physical fields before breaking the symmetry of the vacuum. 
The lagrangian is: 


C 


lepton 






ha 


La + 


DiR) 


ha 


Fla 


= Lbi"f^ ( + - [miY‘^nfain°‘Da) 


-1 


La + Rbil^ ( + -[m^Brn^{n^Da) 


-1 


= zZ“0La + -Lbi[mlf%iFDa)-^La + iIFlpRa + -Rbi[mlf%n‘^Da)-^Ra, 


Ra 

(34) 
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where and m|j are hermitian matrices in family indices, ( 6 a), and they could depend on 7 ® 
doublets have a hypercharge Y = —1 and the singlets have Y = —2. So, using (141, we have: 


The 


DfiLa = ~ 

Df,Ra = {d^ + ig'Bf,) Ra- (35) 

We will see that is the mass matrix of neutrinos, that generate the oscillation between the different 
families. 


Ill) Scalar Lagrangian: A complex doublet scalar field (p = 




with a lagrangian given by: 


Cscalar = - V {4>^ cf) 


with: 


V {(p^p) = 


(36) 


We notice that the term proportional to can be absorbed redefining —)■ p^. Therefore, 

our scalar lagrangian is reduced to: 


Cscalar = {D^^ P)\D ^<P) - p\P^ P) - X{P^ Pf. 

The hypercharge of is F = 1, so: 


D„ 


= [du- 


(37) 


(38) 


From (38), we will obtain masses of each fields after Spontaneous Symmetry Breaking. The dynamic 


of the Higgs is not important, for the moment, so we will focus in the gauge and lepton fields. 
IV) Interaction Lagrangian: Besides, we have an interaction lagrangian: 


= - [r]''“ UPRa - [r^] “ RbP^La, (39) 

where T is a matrix associated to the Yukawa interaction. Therefore, the final lagrangian is given by: 


L = L 


gauge 


YC, 


lepton 


c 


scalar 


Cj. 


Now, we can proceed to break the symmetry, using the Higgs mechanism. 


(40) 
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3 Spontaneous Symmetry Breaking 


To break the sy mm etry, we need to find the vacuum of the system. For this we search for a solution to 
= 0. Seeing (36), it can be noticed that this occurs for (^) = 0 or (0) = ^ ^ ^ , where v = 

It is useful to work in the unitary gauge. In this gauge, the Goldstone bosons are removed from the 


lagrangian doing a gauge transformation. After the gauge transformation, we can use (j) = \ v+h ), 

V / 

where H is the Higgs boson. From the non-zero value for the vacuum, we have new quadratic term in the 
fields, so they will obtain an additional contribution to the mass. To compute the mass, we will study 
the free part in the lagrangian for each field. 


Notice that: 



Q ^ = Q < </» > 


(41) 


So the operator Q — Tf^ + ^ is still a symmetry of the vacuum. The associated gauge field will remain 
with the VSR mass only. 


3.1 Gauge Fields: 

After Spontaneous Symmetry Breaking, we have contributions to quadratic term in the gauge fields from 


(27) and (37). Then: 


C 


gauge 


free = ■ i^) 


+ y ( 0 1 {g'B^ + gTjA^^) ^ ^ > 


where the Pauli matrices are: 


(42) 


0 1 
1 0 


0 -i 
i 0 


1 0 
0 -1 


(43) 


and the subindex (2) means that we keep up to quadratic terms in the field. Evaluating (20), (21) 


and (43) in (42), we obtain: 


Tlgaugefree = -Al^{{d‘^ + m\)6^-{d>"+rn\{n-d) + m\in ■ d) + m\n>"n^{n ■ d) ^(5^-b m^)) AJ' 

((9^ + m%)S^ - {d^ -b m%{n ■ d)~^n^){d„ + m%{n ■ d)~^ny) + m\n^n^{n ■ 9)“^(9^ -b m%)) B'' 


2 2 
V 9 


F-f- + A'iAl) + ^ {g'B, - gAl) {g'B^ - gAt^) 


( 44 ) 


Now, to diagonalize this Lagrangian, we study the case niA = rns = nic and: 










Then: 


C 


gauge free 


K = ^{w: + w-) 
Al = ^{W^-W;) 

a 3 _ 9'Afx — gZ^ 

„ _ gAfi + g'Zf^ 

" " VFTF' 


(45) 


+ niQ + 6^ - {d^ + rriQ^n ■ d) + mg(n • 9) 

+mQn^n„{n ■ d)~‘^{d^ + ttiq)) W!^ 

+ lz^ ( - (9^ + mlin ■ 9)-in^)(9, + m^(n • d)-\,) 

+mQn^n^{n ■ d)~‘^{d^ + ttiq)) Z‘' ( 46 ) 

+ ^A^ ((9^ + 171^)6^ - (9^ + niQin ■ 9)“^n'')(9^ + m^in ■ 9)“^n^) 

+m,Qn^n^{n ■ 9)“^(9^ + m^)) A". 


From this Lagrangian, we can hnd the free equations of motion. They are: 


^9^ + mg + VF^ - (9p + mc(n • 9) ^n^) ((9 • hF=‘=) + mc(n • 9) ^{n-W^)) 

+TOQn^(n • 9)“^(9^ + mQ)(n • IT^) = 0 (47) 

^9^ + TOg + Zfj^ - (9^ + mc(n • 9)"^n^) ((9- Z) + TOg(n • 9)"^(n • Z)) 

+mQnfi{n ■ d)~^{d'^ + mQ){n ■ Z) = 0 (48) 
(9^ + itiq) Af, - (9^ + m%{n ■ 9)“^n^) ((9 • A) + m%{n ■ 9)“^(n • A)) 

+m|.n^(n • 9)“^(9^ + mQ)(n • A) = 0. (49) 

Notice that all gauge field equations are like: 


(9^ + M^) - (9p + mg(n • 9) ((9 • V") + mc(n • 9) ^{n-V)) 

+mQn^{n ■ d)~‘^ + ttiq) {n ■ V) = 0, (50) 

where M is a mass term. Using the result in (Appendix A), we obtain: 

lU^ has three degrees of freedom. The mass is Myy = + ttiq for polarizations perpendicular 

to and Mw = ^ for the longitudinal polarization. 
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/ ^2 /'q2_|_q/ 2'\ r) 

Zfj, has three degrees of freedom. The mass is Mz = \j — ^ + TOq for polarizations perpendicular 

-y.. /Q2_(_g'2 

to and Mz = ^ 2 longitudinal polarization. 

has two degrees of freedom and the mass is only Ma = ma- 


One thing that we must consider is the fact that the photon gains mass with VSR. Of course, this 
mass must be very tiny. Some widely accepted bounds for photon mass are: 

• Most accepted bound based in measuring the torque exerted on a magnetized ring caused by the 
galactic vector potential can be probed directly giving ma < 10“^® eV [T0| . 

• Measures of the galactic magnetic field are only possible if the photon mass is zero, this has given 
a constraint of me < 3 x 10“^^ eV m- 

On the other side, and bosons will exhibit different propagations for perpendicular and lon¬ 
gitudinal polarizations respectively, just like birefringence, but the difference is extremely small since 
depends on the photon mass me- The bounds of photon mass give us a great idea how much similar are 
the masses of IT^ or for different polarizations. It is certainly a prediction that should be investigated 
in appropriated experiments, for example at the LHC. 


3.2 Lepton Fields 

In order to see what happen to the leptons, we look at the diagonal (in flavor) part of Cmt- In particular, 
we will study in more detail the electron family. Cmt is now: 


(eflCi + eLCfl) -b higher order terms. 


(51) 


To determine the mass eigenstates we look at the equations of motion provided by the quadratic piece 

of the lagrangian. Introducing "0 = f ), we get: 

\ eh J 


-d) ^ = 0, 


(52) 


where = m%Pfi + m^P^, Pl = and Pr = Instead for the neutrino, we get: 


m. 


' + -d) ' ]]vL = {). 


(53) 


That is, the neutrino mass is m^ = m^^ 


4 Dispersion relations for ttil ^ tur 

In this section, we write the solution of the VSR Dirac equation for the electron for the case ^ m^. 


^The only pole the neutrino propagator has is at Please see Appendix D. 
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Particle: 


where: 


Antiparticle: 


where: 


' - -p) 1 - ^ ) M, = 0, 


1 


Ui = 


U2 = 


2^,2 


- 2_^2 Giv 


H-^ ) iflAx, with: p = + 


2 

GW 


and po > 0 


2(n -p) y y2 J 

2(n^ Po > 


1 . _ 9 ^ s _1 Cj qX) . 

» — -t/im (n ' p) H-^ I = U, 




(54) 


(55) 

(56) 


(57) 


1 


Vi = 


V2 = 


2{n-p) 

1 

2{n-p) 


2^,2 


. 2__2 G'iv 


^ jf^u with: p =771^+ 2 


and Po > 0 


2^,2 


GeVW,j_ „ 2__2 G'iv 


^^^2,with:p =mj^+ ^ 


and Po > 0 . 


(58) 

(59) 


I4i and U 2 are constant spinors (See Appendix B). Therefore, if tol 7 ^ rriR, the electron, muon and 
tau are actually composed by two different particles with slightly different masses. Due to this, in the 
next section, we explore a novel electron oscillation and put some plausible bounds on |mL — 


5 Electron spin precession 

Consider an electron at rest with the spin up in the z direction. Since niL and mu are expected to be 
much smaller than the contribution to the electron mass given by SSB, in a perturbative approach it 
makes sense to use the spinors that solve the Dirac equation with tol = mR = 0 to describe the initial 
and final state of the electron. So, the probability to measure the spin down will be proportional to: 


P (t^i) = 2R^ (1 - cos iW - EW)) = sin^ 


for a certain constant R and: 


^4 


Et-Ei = Jml + M 2 - 


m 


R 


1 m 


1 mi 


+ M 2 csM 1 +-^-!--^ = 


2 M 2 


2 M 2 


2M 


27r 

Y 

-^T = 


'-i?| 


4M 
SttM 
|m? — m 


R\ 


(60) 
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To put some bound on this effect, we can imagine that the anisotropy of VSR has a cosmological 
origin, perhaps a primordial magnetic field. Such fields B have been bounded by < B < 10“®G 

m- Assuming that these primordial magnetic fields induce the electron spin flip, we get an estimation: 


\Et-E^\ = 


\mr — rrir 




\ml - mJi 
2M 

10 -“eV^ 


= 9^^BB :< 10"^^eV 


(61) 


This bound is very strong. This means that = mu is a excellent approximation probably in almost 
every case. However, the possibility of an Electron spin precession must not be ignored. 


6 Lepton-Gauge boson interactions 

We now consider three lepton families et,, Vb, b = 1... 3. Keeping to first order in the gauge fields 
because higher terms are strongly suppressed by the smallness of the gauge coupling and the mass terms 
introduced by VSR, the interaction terms in Fourier space are: 


C 


int 

lept,gauge 


--^0^eb f • {k + q))-\n ■ q)-^n^^ 

^VZ^ebL + ^{rnltin ■ {k + q))-\n ■ qy^n^'^ b^lZ^ 

- V9^+9'\ ^l + ^[fhl]^yn ■ {k + q))-\n ■ q)-y^'^ v^lZ^ 

-j=DbL + ^[fhirin ■ {k + q))-\n ■ q)-y^'^ e^LW^ 

-^ebL + ^[rhiyin ■ {k + q)r\n ■ q)-y^^ (62) 


where k and q are the momentum of gauge and lepton fields respectively, we have used m_r,l 
and: 


lib7^ 


= 


{i-y)fhi + {i + y)r 


(63) 


where and to|j are 3x3 non diagonal hermitian matrices. 


To zero order on from (62), we can see that bl, br and vr are the flavor states, and br and br 


are the mass states, but vr is not a mass eigenstate because for it the leading non-zero mass is m. 
Then, for neutrinos, the relation between both states is: 


yf! = ViVL, 


(64) 
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Figure 1: 



where lyff is the mass state and Vi is a unitary transformation, such that is a diagonal matrix. 

Because the mass and flavor states of the neutrinos are not the same, we will have an oscillation between 
different states, where Vi is the mixing matrix, that correspond to the Pontecorvo-Maki-Nakagawa-Sakata 
(PMNS) matrix: 


C 13 C 12 

r,iS 


CI 3 SI 2 
iS 


e-^^si3 


V/ = I —S 23 Sl 3 Ci 2 e — C 23 S 12 —S23Sl3Sl2e^° + C 23 C 12 S 23 C 13 

— C23Sl3Cl2e*^ + S 23 S 12 —C23Sl3Sl2e*'^ — S 23 C 12 C 23 C 13 


(65) 


with Cij = cos{9ij) and Sij = sin(0y). Therefore, a VSR non-diagonal mass matrix term is a natural 
form to describe neutrino oscillations. 


On the other side, if we include the terms with VSR mass in (62), we can see that we need a non¬ 


local unitary transformation to diagonalize the interactions and obtain the flavor states. Actually, this 
means that we will have oscillation in all leptons. However, to introduce this unitary transformation is 
complicated and unnatural, so we will think of these terms as new very small interactions of the order 
of VSR parameters. These interactions will generate transition from one family to another. This is the 
subject of the next section. 


7 X^y + 7 

One of the flavour changing interactions is: 

- ■ {k + q))~^{n ■ A){n ■ q)~^en, 

where e is the electron charge. So, we have the process given by Figure 1, A —>■ V -|- 7 . If A and Y 
are leptons with mx > my, the corresponding decay rate is given by: 


dP = 47ra 


(|[”^i](xv)| 


+ |["lfl](XV)| 


2\ (fT-iepi(fc)) (nje*^(fc)) (27r)^(5W(g-p-fc) d^k 


d^p 


{nipi) {n 

m dm) 


2mx 


{2Trf2E^{k) (27r)32Ay(p)’ 


where a = ~ Ay is the fine-structure constant, E^(k) = k, Eyip) = ^Jp^ Y rny, Cpi is the photon 

polarization and Ui is the space component of the null-vector n^. We can choose \n\ = 1. Because of n. 
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Figure 2: 


X 






- Y 



this decay have a privileged direction, given by the polarization. We will study the unpolarized case, so 
we must sum on p and use: 


^epi(fc)eF(/c) = 

P 


kikj 

T 


Now, if we evaluate F on the X particle rest frame, such that q = {mx,0) with mx ^ my, and we 
use n = z, we obtain that: 


r(x ^ r+ 7) 


4to^ 


( 66 ) 


On the other side, we have the known process X ^ Y + i^y + i/x (See Figure 2), where the decay 
rate is: 


r{X-^Y + DY + ux) - 


Gpm%- 
192x3 '■ 


with Gp = 1.01 X 10 ^rup^ and mp is the proton mass. 
So, we can compute the branching ratio given by: 

r(x ^ y + 7) 


BiX,Y) = 


r{X -^Y + Dy + vx) 

dSTT^a (1 [to|](xv) f + I [m\](xY) \ 


m 


xG^f 


= 47.05 X 


/mp\ Y 


2 

['^r](XY) 

\mxj 1 

m^x 

+ 

mjc 


Using (65), we can see that: 


(67) 


( 68 ) 
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[™L](eAt) 


cfs ^ ^ S12C23C12 C0S((5)^ 5 m^ + S23S13Ato^^ 

+C23C?3Si 2C?2 sin2(^) {5m^f , 


( 69 ) 


where Sm^ = m\ — m\ and Am^ = ra\ — with rrii the neutrino masses corresponding to 

different families. In this model, the mixing angles have the usual values. That is m- 


*12 

= 0.307 

.2 

*13 

f 0.0241 (NH) 

\ 0.0244 (IH) 

.2 

*23 

f 0.386 (NH) 

\ 0.392 (IH) 


f I.OStt (NH) 

( 1.097r (IH) 

5w?' 

= 7.54 X 10-^ [eV2] 

Am2 

r 2.43 X 10-5 [eV2 
\ 2.42 X 10-5 [eV- 


(NH) 

(IH) 


where (NH) is normal hierarchy and (IH) inverted hierarchy. So, if we evaluate it in (691, we obtain 




and the Branching ratio with (70) is: 


2.07 X 10-^ [eV^] (NH) 
2.10 X 10-4 [eH^] (IH) 


(70) 


r 4.43 X 10-25 [eH2] (nH) 

( 4.56 X 10-25 [eH2] (m) ' 

The best upper limit to the branching ratio is B{^,e) < 5.7 x lO-^^ [2]. So the predicted branching 
ratio is much smaller than the current experimental bound. 


8 Canonical Quantization 

Since VSR introduce non local terms, it is quite important to show how canonical quantization works in 
this case. Moreover, we have to check that it gives the same results as the path integral quantization. 

Since non-locality means that the equations of motion are integral-differential equations, we have to 
fix a point of view about the quantization of such theories. Our perspective is to accept the results of the 
path integral quantization, which is a lagrangian quantization and better defined in this case. However, to 
understand the particle contain of the model, we must have a canonical formulation in terms of creation 
and annihilation operators. With this in mind, we will develop a canonical second quantization, such that 
it agrees with the path integral quantization, although we will have to introduce anticommutation rules 
that are non-canonical. We believe that this is due to the presence of second class constraints, and thus 
it is the Dirac bracket that define the anticommutation relations instead of the Poisson bracket. Aside 
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from this subtle point that needs to be clarified in the future, we obtain a canonical second quantization 
which permits a particle interpretation of the model. The propagator defined in the canonical formulation 
coincides with the path integral result. The creation operators describes particles of definite momentum 
and charge. 

We start from a local leptonic lagrangian m, where the canonical formalism is well defined: 

C = - Mipi!} + ix{n ■ d)(j) + i4){n ■ d)x + - ^#X + (71) 

where "0 is the lepton field, (j) and x ^re auxiliary fields and = (nQ,ni), so that | n |= 1 and 
= (no, —n*). The lagrangian equations of motion are: 

- -Y^ 

777 

(n-d)(/)+ —ijiil) 

777 

{n-d)x + yV' 

from which we can deduce: 

(/) = -^(n- dy^i/L-tp (73) 

X = -y(«-'9)"V 

^ = -y(»^ ■'9)"^# 

X = -y(’^-9)"^V5 

and the equation of motion given by: 

+ ^^(n ■ 9)”^^ — ijj = 0. (74) 

Now, the canonical conjugated variables are: 

Pip 

Px 
P<^ 

and the local Hamiltonian is given by: 

Pl = -Pipl° (I'diil; + iMil^ - ^i/ix - y <(>) + ^ {n^dicj) - y #) + ^ {n'‘diX - y • (76) 

Using the canonical commutation relations: 

{ili(x)i,Pip(x')j}eqt = i6(x-x')6ij (77) 

{(j)(x)i,Pp,(x')j}eqt = iS(x-x')Sij 

{x{x)i,P^ix')j}eqt = iS(x-x')Sij 


= 

= mo<^ 

= inoX (75) 


= 0 
= 0 

= 0. (72) 
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and (76) we reproduce the lagrangian equations of motion (72). 


8.1 Second Quantization 


The most general solution of equation (74) is: 




( 78 ) 


d^k 


J ( 271 ) 3 ^ 2 ^( 1 ^ 


d^k 


--dsik)u(^s){k)e 






6 t(fc)^;(,)(fc)e*^(‘^) 


t-ik-x 


(79) 


where d^ and o' are the creation operators for particles and antiparticles respectively and U(s) (k) and 
U(s)(fc) are solutions of (see Appendix C). 


■ k) 

• k)~^ + U(s) 


Using the equations of motion, we get: 

Hl = i j d^x (-■;/'■*■ 7° + iMip - + X - y 7^ 

+(^ {n^diX- 

= i J d^x (■)/)''■ 7° {x^dotp) + X (nodocp) + (p (nodox)) 

= 7 y d^x ^^dopj + ((n • ^)~^^p^) 7 °^ ((n • d)~^do'ip)^ ■ 


(80) 


From (80), we see that ip and ip^ are no longer canonically conjugated variables as in (77). Instead 


they satisfy the anticommutation relations given by ( 88 ). 


Finally, if we use the properties given by (103), we obtain: 


Hl = 

S ' 

= E 


^^E{k) (dl{k)ds{k) - bs{k)bl{k)j 
^^E{k) (al{k)ds{k) + blik)bs{k 


(81) 


Besides, we can prove that the electric charge is: 


Q = J d^x ^^ip + ((n ■ d) ^'ip^)x'^ii{{n- d) V) 


(82) 
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Notice that in (82) the same combination of ip and ip"'' appears compared to (80). This must be so 


because Q will generate 17(1) gauge transformation on the field upon using the anticommutation relations. 
We can use (78) to obtain: 


Q = E/ 

s 

- ?/ 

Now, the energy momentum tensor is: 


(al{k)asik) + bs{k)b\{k)^ 

{al{k)as{k) - bl{k%{k)j . 


(83) 


— — f iTD^ \ mi‘^ — 

= itpludf,ip - r]f,^ip \ i0 + —i-in ■ d)~^ - Mj ip + ((n • d)~^ip) ((n • 9)“V) , (84) 

where 7 ^ = ( 7 '^,— 7 *)- Then, the momentum operator is: 


P* = 


d^xT'-^ 


= J d^x y-iip-f°diip - — ((n • d)ip) ifinodi {{n ■ d)ip) 

= —ij dP'x (^^diip + ((n • d)~^ip'^) ((n • d)~^diip) 


(85) 


where we used that = {do,—di). Then, following the same procedure to calculate (81) and (83) 
we obtain: 


P* = (aj(fc)as(^) - &s(fc)SJ(A)) 

8.2 Propagator 

Assuming the standard anticommutation relations for the creation and annihilation operators: 


{a,{p),ar{q)^} = {2Tr fS^^^p-q) {b,{p),br{qy} = {2 tt)^{ p - q), 

we compute: 


(87) 


< 0\ipaix)ipb{y)\0 > = 


d?p 1 
(27r)3 TEJ) 

dPp 1 
(27r)3 ^ 


'^Usa{p)usb{p)e 

S 

m? iji 


f + M- 


2 (n-p) 


^-ip-{x-y) 


ab 


— I “h M i 


.171^ f, 


d?p 1 


y) 


2 in-d^)J^J (27r)3 2Pp 
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and: 


< 0\'tpbiy)'ll’a{x)\0 > = 


'^Vsb{p)Vsa{p)e''^'^'" 


dPp 1 
(27r)3 

{2T:f2Ep{{f ^ 2 (n-p))^^^ 


ip-{x-y) 


That is: 


Spix -y) = 




d‘p 


ab ' 


1 r^vU-v) 
(27r)3 2Ep 


(27r)‘^ — m? + ie 


2 ^■PJ_^-ip.{x-y) 


which coincides with the path integral result. This calculation shows that the relations (871 are cor¬ 
rect. It follows that the model describes particles of definite energy-momentum and charge. 

Finally, we have that the canonical anticommutation relations are, after using the equations of motion 
of the auxiliary fields: 


{i^aix),'lpbiy)^ }eqt = 


^ + Vsaip)vlbip)e’^P’'^ 


(Pp ^-ip(x- 


(27r) 


''P{S-y) I I _ 


2no [Ej - {n-p)^^ 


-^7° 


( 88 ) 


ab 


Just like we said before, we believe that (881 came from a Dirac bracket by the presence of second 


class constraints on the model and it shall be clarified in the future. 


Conclusions and Open Problems 

In this paper, we applied the VSR formalism to the Electroweak Standard Model. This modification 
admits the generation of a neutrino mass without lepton number violation and without sterile neutrinos 
or another types of additional particles. However a non local term is necessary. So, the VSR EW SM is 
a simple theory with SU{2)l x 17 (l)ii; symmetry, with the same number of leptons and gauge fields as in 
the Electroweak Standard Model, but now we have non local mass terms that violate Lorentz invariance. 
Besides, it is renormalizable and unitary. 


First, we review the formulation of Yang Mills fields in VSR, developed in [9], and then we used this 
to define the VSR EW SM gauge bosons and find the equations of motion after spontaneous symmetry 
breaking. With this, we concluded that the number of the degrees of freedom are not modihed with 
respect to the usual Electroweak SM, and Zp having three degrees of freedom and Ap has two. 

'«\/a^+g''- 


However the masses are modified; W,, and Z, 


masses are Mw = W and Mz = 


respectively 
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for longitudinal polarization with respect to and Mw = y and Mz = y " ^ + niQ 

for perpendicular polarizations with respect to Uf^ respectively. On the other side, the photon, has a 
unique mass Ma = ma for the two polarizations. We presented some bounds on ma. In a future work, 
all these prediction should be developed to be studied in appropriated experiments, for example at the 
LHC. 

In the second place, we solved the equations of motion for the leptons. A modified dispersion relation 
is produced and, in the particular case of neutrinos, they obtain mass without lepton number violation or 
sterile neutrinos. Besides, we can produce neutrino oscillations. For the electron (muon,tan), we obtained 
a interesting effect in the case tol yf ttir, an Electron Spin oscillation. This means that the electrons 
(muon and tan) are actually composed by two different states with slightly different masses. In fact, we 
found a extremely strong bound. This is \'m\ — to|j| 10“^^eV^. Therefore, ra^ = Tnn is an excellent 
approximation. 

In the third place, we analyzed the leptons gauge bosons interactions to study new process forbidden 
in the usual Electroweak model. In particular, we computed the decay rate for X— > E + 7 , where X and 
Y are leptons with mx > my- We obtain a more restrictive condition to the Branching ratio compared 
with the best experimental bounds available today. 

Finally, we analyzed the canonical quantization of the model. For this, we used auxiliary fields to 
eliminate the non local terms and obtain a local hamiltonian. Then, we quantize. To come back to 
the non local formalism, we must use the equations of motion of the auxiliary fields. However, they are 
integral-differential equations. This produce an non-canonical anticommutation relation for the fermion 
field. So, we decided to accept the results of the path integral quantization like the correct point of 
view about the quantization and we proved that this produce the correct expressions of the propagator, 
hamiltonian and charge operator in terms of creation and annihilation operators within the canonical 
second quantization. We believe that this non-canonical anticommutation relation came from a Dirac 
bracket by the presence of second class constraints on the model. This point shall be clarified in a future 
work. 

In the present work, we did not included quarks in the formalism. We leave the implementation of 
this part of the VSR EW SM for a future publication. Meanwhile, many interesting applications of the 
model open up: among them to study the processes that have been observed at the LHC, to put bounds 
on the parameters of the model and/or describe new Physics beyond the SM, to be ready for the precision 
tests that will be available at the next run of the LHC. 
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Appendix A 


Let us study the equation (50): 


{d'^ + {d^ + rna{n-d) {{d ■ V) + m'c{n ■ d) ^{n-V)) 

+rnQn^{n ■ d)~'^ {d^-\-m'^') {n ■ V) = 0. (89) 

If we contract with and respectively, we obtain: 


(M^ - ml) {d-V) = 0 

{d^+ -ml;){n-V)-{n-d){d-V) = 0. (90) 

From these equations, we have two cases: 
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1) M = me- In this case, (89) is reduce to: 


+ me) Vf, - df,{d ■ V) - m%(n ■ d) ^d^{n ■ V) 
d‘^{n-V)-{n-d){d-V) 


(91) 

(92) 


Additionally, we have a gauge invariance given by: 


= d^e, 


(93) 


Lorentz gauge {d -V) = 0, we have that: 


because (|91[) and (92) are just like (29) and (30) respectively. So we must fix the gauge. Using the 


+ me) - m%(n ■ d) ^a^(n • U) = 0 

d^{n-V) = 0, 


but a gauge degrees of freedom survive, given by: 


(94) 

(95) 


V'^ = v^ + d^x ^ d^x = 0 . 


From (95) we see that this freedom can be used to fix (n-V) = 0, then: 


(96) 


( 9 ^ + m'e) Vfi — 0- 

We use a plane wave solution to count the degrees of freedom: 


(97) 


V/i = E/iC * — me = 0 

—>■ (k ■ e) = 0 and (n ■ e) = 0 

So, the gauge field has mass me and 2 independent polarizations (2 degrees of freedom). 


11) M ^ me- In this case, ([8^ is leduce to: 


(92 + m2) - ml{n ■ 9)-i (9^ - n^{n ■ d)-^d^) {n ■ V) 

(9-U) 

(92 + m2 - ml) (n ■ V) 


(98) 


We can see that (98) is not a proca-like equation and it is not a gauge invariant, therefore this case 


is not included on m- Using a plane wave solution, = £^e we obtain: 


(fc2 — m2) + ml{n ■ k) ^ [k^ — n^{n ■ k) ^k"^) (n • e) 

(fc-e) 

(fc2 — m2 + ml) (n • e) 


The third equation say us: 
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(n • e) = X6 (k"^ — + itiq) , 

where A is an arbitrary scalar. So, evaluating this in the others equations, we conclude that the most 
general solution is: 

= A^(5 + A(n • k)~^ {k^ — (M^ — 'm?Q)n^{n ■ S (k^ — + itiq) , (99) 

where is an arbitrary vector such that (fc • A) = (n • A) = 0. In conclusion of this result we can 
say that we have three degrees of freedom: A (1) and A^ (2). However, the mass change for different 
polarization. Respectively, the masses are — rriQ and M^. 


Appendix B 

When rriL ^ tit-r, the solutions can be written as states with spin in the fi direction. Actually, we can 


prove that (551 and (561 represent the spin up and down respectively. The same thing for (55) and (56). 


We have that: 


= Ni 


/ 1 \ 


/ ni-in2 \ 

/ 

ni+zn2 


"0 + "3 \ 

1 

ni —m 2 

no+"3 

1 

,U2=N2 


no+na 

ni+m2 
\ no+"3 ' 


\ -1 / 


in the Dirac representation, where A^i and N 2 are normalization parameters. 

Appendix C 

When mu = tol = m, the solutions to the VSR Dirac equation can be written: 


u. = 


s/ko + M-^^no^ 2(n.A:) 


^ + ^ ] ( 'o'* j ’ ^ V 0 






■-M \ [ ^ , with: xi = r ® 


( 100 ) 


and Lp 2 = 
and 1^2 = 


0 

1 

-1 

0 


These solutions reduce to the standard Dirac solutions in the Pauli-Dirac representation, for m = 0 
[3]. They satisfy the Completeness Relations: 


y^^Us{k)us{k) 

S 

y^Vs{k)vs{k) 

S 

and the Orthogonality Rules given by: 


= 


2(n ■ k) 
2(n • k) 


M 

(101) 

M. 

(102) 
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,Wu(s'){k) = ( 

r 

2^(k) 

V 

now? ^ 
{n-k)j 

) Sss> 


Cfi 

II 

2E{k) 

now? \ 
(n- k)) 

Sss' 


Xk)v(^s'){-k) = 


now^ 

Sss' 



\JnlE{]^Y - {n 

■ kY 


,{k)-i°iu(s'){k) 

= 2{n- 

k)6ss> 


(s) 

{k)')°TfiV(s'){k) 

= 2{n- 

k)Sss' 



,(*)7°Ms')(-^) = 2V 

^nlE(k)^ - 

- (n • k?5ss‘ 


(103) 


Appendix D 

The only pole the neutrino propagator has is at = m\. In order to see it in a simpler way , we consider 
the propagator derived from equation (53) in 2 space-time dimensions. 


det 


-Po + ‘^apQno - 



Po ~ anoi(pi — ani) 
i{pi - ani) - (po - ano) 

a^ng -I-Pi — 2apini + a^n\ = 



7" = CT3 = 


10 

0-1 


a = — 


1 wj 

2 n.p 


—p^ -I- 


The determinant has been computed for arbitrarily small n.p. We used the property that is a null 
vector. That is: = 0. There is the Lorentz invariant pole only. This result holds in arbitrary space-time 

dimensions. 
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